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School of Physics, Nankai University, Tianjin 300071, China (Dated: November 28, 2011) In this work we evaluate the production rate of the charmed baryon Λ c (2940) + at PANDA. For possible assignments of Λ c (2940)
+ : J P = 1/2 ± , 3/2 ± and 5/2 ± , the total cross section of pp →Λ c Λ c (2940) + is estimated, which may exceed 1 nb. With the designed luminosity (2 × 10 −32 cm −2 /s) of PANDA, our estimate indicates that ten thousand events per day if Λ c (2940) + is of J P = 1/2 + or 10 8 per day if it is of J P = 5/2 + can be expected. Those values actually set the lower and upper limits of the Λ c (2940) + production. In addition, we present the Dalitz plot and carry out a rough background analysis of the Λ c (2940) + production in the pp → D 0 pΛ c and pp → Σ Obviously the values achieved by the two collaborations are consistent with each other within the error tolerance [1] .
Actually, comparing with the meson case, the structure of baryons is more intriguing from both theoretical and experimental aspects. Recently, along with the experimental progress at the BaBar, Belle and BES, a great number of new states of mesons have been observed and some of them are identified as exotic, i.e., these states cannot be categorized into the regular′ structure. It is natural to conjecture that the possibility also exists for the baryons. However, this situation is much more complicated than the meson case. By the regular structure, the baryon is composed of three quarks, so the exotic configuration of baryons would be much more difficult to be identified. On the other side, this study can enrich our knowledge on the fundamental structure of hadrons; namely, it will answer the long-standing question that the S U(3) theory indeed allows existence of the nonandconfigurations, and, if yes, where do we search for them? That is the job of theorists of high energy physics.
Experimentally, some peculiar phenomena have been observed. Before we can attribute them to new physics or new hadronic configuration, a thorough study of whether they can be interpreted by the regular quark structure and the standard model (SM) must be carried out.
The observation of Λ c (2940) + has stimulated theorists' extensive interest in understanding its structure. Since the observed charmed baryon Λ c (2940) + is close to the production threshold of D * p, a conjecture that Λ c (2940) + may be a D * N molecular state, was naturally proposed [3] . should be excluded. Later, the radiative and strong three-body decays of Λ c (2940) + were explored in Refs. [6, 7] , where Λ c (2940)
+ was assigned as a D * N molecular state of
Besides supposing Λ c (2940) + to be a molecular state, the alternative theoretical explanation that Λ c (2940) + is just a conventional charmed baryon has also been widely discussed. The calculation in terms of the potential model shows that the masses of the conventional charmed baryons of J P =
2
− and
+ are 2900 MeV and 2910 MeV, respectively [8, 9] , which are close to the mass of Λ c (2940) + . In Ref. [10] , the authors suggested that Λ c (2940) + is the first radial excitation of Σ c (2520) of J P =
+ and possesses the quantum number of
+ . In their calculations of the mass spectrum the relativistic quark-diquark model was used. In addition, Λ c (2940) + as the first radial excitation of the Σ c was also suggested via solving the Faddeev equations for three-body systems in the momentum space [11] . In the heavy hadron chiral perturbation theory, the ratio Γ(Λ c (2940
. These ratios will be applied to distinguish [10] Valcarce et al. [11] Chen et al. [15] As summarized in Table I , a great deal of theoretical ansatz for the structure Λ c (2940) + was proposed, by which its spectrum was calculated, and the results are quite model dependent. At present the properties of Λ c (2940) + are still unclear, the fact means that more work is needed to determine its real structure, especially investigating from different angles.
The current information of Λ c (2940) + is extracted from the e + e − collision [1] . Thus, it is interesting to investigate the Λ c (2940) + production in other processes. The PANDA experiment [16] at the Facility for Antiproton and Ion Research (FAIR) will be carried out in the near future, which will definitely provide valuable data for understanding of nonperturbative QCD. Study of the charmed baryon is one of the main physics goals of PANDA since its beam momentum p = 5 ∼ 15 GeV just covers the production threshold of charmed hadron. Encouraged by the prospect, in this work, we study the Λ c (2940) + production at PANDA. Some parallel theoretical investigations of the production of the charminium-like states X(3872), Z + (4430) at PANDA [17, 18] were also carried out.
This paper is organized as follows. After the Introduction, we will present the effective Lagrangian and the corresponding coupling constants used in this work. The formulation and the numerical result of the Λ c (2940) + productions at PANDA will be given in Sec. III. In Sec. IV, considering the sequential decay Λ c (2940
forms the background. Finally the paper ends with our discussion and conclusion.
II. EFFECTIVE LAGRANGIANS AND COUPLING CONSTANT
Associated with aΛ c production, Λ c (2940) + could be produced in the proton and antiproton collision by exchanging a D 0 meson, as shown in the Fig. 1 . It is noted that direct pp annihilation intoΛ c Λ c (2940)
+ is negligible in comparison with the mechanism shown in Fig. 1 , because the annihilation channel is Okubo-Zweig-Iizuka (OZI) suppressed. Thus, in this work we do not consider its contribution at all. For being at most model-independent, we apply the effective Lagrangian approach to study the pp →Λ c Λ(2940) + process. In our calculation, we consider the production rates of Λ c (2940) + whose J P assignments are priori assumed. The following Lagrangians describe the interaction of Λ c (2940)
where we use the subscripts 
with B S = [23] [24] [25] [26] , which is larger than g ΛNK = 6.7 ± 2.1 estimated via the QCD sum rules [27, 28] . The propagators for a fermion of J = 1/2, 3/2, 5/2 are written as [22, 29] ,
with
where γ ν = γ ν − q ν / q/q 2 and g µν = g µν − q µ q ν /q 2 . q and M R are the momentum and the mass of the fermion particle, respectively.
III. THE PRODUCTION OF Λ c (2940) + IN THE PROTON AND ANTIPROTON COLLISION
In this section we calculate the Λ c (2940) production rate in the proton-antiproton collision as shown in Fig. 1. For the   pp →Λ c Λ c (2940) + process, the production amplitudes is
where C R or C describe the Lorentz structures of the vertex for D 0 interacting with Λ c (2940) + p orΛ cp . They are derived in terms of the Lagrangians in Eqs. (1)- (6) 
is introduced. As well understood, the concerned hadrons at the effective vertices by no means are point-particles, but have complicated structures, thus the form factor phenomenologically describes the inner structure effect of interaction vertices shown in Fig.  1 and moreover, it partly compensates for the off-shell effect of the exchanged D 0 meson as suggested in Ref. [30] . Indeed the monopole form factor is a phenomenological ansatz and not derivable from the field theory, thus errors are unavoidably brought up just like any phenomenological computation. Since the involved parameters are fixed by fitting data, the model-dependence is greatly alleviated, therefore, it is observed that for lower energy reactions, the scenario works well.
Before studying the cross section for the Λ c (2940) + production at the pp collision, let us first calculate the total cross section for the proton-antiproton scattering to the Λ c and anti-Λ c pair in our theoretical frame, which has been experimentally measured and carefully studied in the literature [30, 31] . In Fig. 2 , the total cross section of pp → Λ cΛc with different cutoffs is presented, where we restrict the Λ value within a reasonable range from 2 GeV to 3.25 GeV. In Ref. [30] , the reaction pp → Λ cΛc was supposed to occur via a meson-exchange mechanism, where the cutoff Λ was set as 3 GeV. An obvious similarity between pp → Λ cΛc and pp →Λ c Λ c (2940) + suggests that we adopt Λ = 3 GeV to estimate the cross section of pp →Λ c Λ c (2940) + .
The cross sections for Λ c (2940) + production with different spin-parity assignments to Λ c (2940) + are presented in Fig. 3 . 
IV. THE DALITZ PLOT AND THE BACKGROUND ANALYSIS
As shown in the above section, considerable events of 
V. DISCUSSION AND CONCLUSION
In this work we investigate the production rate of Λ c (2940) + in the future experiments at PANDA. We find if the branching ratio of Λ c (2940) + decaying into D 0 p is at the order 0.1, at least 10 4 events of Λ c (2940) + per day can be produced at PANDA.
Here, let us briefly discuss dependence of the numerical result on the phenomenologically introduced parameter Λ used in this work. The cutoff Λ = 3 GeV is adopted as suggested in Ref. [30] . If the cutoff Λ decreases to 2.5 GeV, both the production rate of Λ c (2940) + and the background would increase about one order. The number of events is still large enough for investigating behaviors of Λ c (2940) + in the proton and antiproton collision. In our numerical computations we adopt the same cutoff Λ value as that in Ref. [30] .
We would like to specify an important issue, which was discussed in literature and may affect our theoretical estimate of the production rate. It is noted that the initial state interaction (ISI) effect is included in the numerical result pre-sented in Secs. III and IV. The ISI is an important effect for studying meson production in nucleon-nucleon collisions as the transition occurs near the threshold. That effect was first observed by the authors of Refs. [32, 33] that the ISI makes the cross section to be reduced by an overall factor, which is slightly energy-dependent. In studying pp →Λ c Λ c process, the authors of Ref. [30] also took into account the ISI effect, which reduces the cross section of pp →Λ c Λ c by a factor 10. The ISI may be induced by complicated interaction processes among the ingredients inside the colliding p andp, which may be valence quarks or even gluons and sea quarks. It is believed that such processes are governed by the non-perturbative QCD effects, thus not calculable so far. Interesting to note that for high energy pp or pp collisions, one can use the parton distribution function (PDF) due to the asymptotic freedom of QCD, but for lower energy collisions, we do not know how to correctly deal with the ISI effects. Therefore, as suggested by previous research [32, 33] , we would retain a phenomenological factor in the numerical estimate of the production rate to take care of the ISI effect on pp →Λ c Λ c (2940)
+ . Thus, an extra factor is introduced to reflect the ISI effect, which makes the cross section of pp →Λ c Λ c (2940) + corresponding to Eq. (12) suppressed by one order of magnitude (the ISI effect is considered in the numerical results presented in Figs. 2-10) . With above consideration, we can roughly estimate the production events of Λ c (2940)
+ at PANDA and the results are presented in Fig. 3 + production respectively. In the former channel, because of constraint from the phase space, the Λ c can only be an off-shell intermediate state for the final state πΣ c , so due to the Breit-Wigner structure, such sub-process is relatively suppressed in comparison with the "signal". The cross section and the invariant mass spectrum of pp →Λ c π − Σ ++ with √ s = 5.35 GeV and B(Λ c (2940)
+ → π − Σ ++ c ) ∼10% is presented in Fig. 10 . Here, we take the coupling constant as g Λ c Σ c π = 3.9, which results in a weaker background. The signals of Λ c (2940) + can be distinguished from the background easily as shown in Fig. 10 Based on the analysis above, it is optimistic to investigate Λ c (2940) + in the future experiment of PANDA, even though the cross section is not as large as for the charminium-like states, such as X(3872) [17] .
In addition, it is very interesting to notice the observation potential at BelleII [34, 35] and the SuperB factory [36] , which will produce a large database of Υ(4S ). As Υ(4S ) may have a sizable branching ratio to decay into Λ c (2940) + Λ c (2940)(Λ c ), thus comparing the data obtained at PANDA with that from the B-factory would make more sense and help eventually to pin down the spin-parity assignment of Λ c (2940) + .
